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Autonomous Irrigation Management in Decision 
Agriculture 
Abstract In this chapter, the important application of autonomous irrigation 
management in the field decision agriculture is discussed. The di erent types 
of sensor-guided irrigation systems are presented that includes center pivot systems 
and drip irrigation systems. Their sensing and actuator components are with detailed 
focus on real-time decision making and integration to the cloud. This chapter also 
presents irrigation control systems which takes, as an input, soil moisture and 
temperature from IOUT and weather data from Internet and communicate with 
center pivot based irrigation systems. Moreover, the system architecture is explored 
where development of the nodes including sensing and actuators is presented. Finally, 
the chapter concludes with comprehensive discussion of adaptive control systems, 
software, and visualization system design. 
12.1 Introduction 
The application of uniform irrigation leads to under- or over-watering, if there is 
no information available on soil and crop conditions[4]. The variable-rate systems 
can be utilized to e"ciently use water. Although saving water is the biggest driving 
factor behind switching, but other advantages includes: erosion prevention, reduced 
maintenance cost, avoiding fines for not using enough water, and limiting nutrient 
runo [25]. Using the current irrigation systems, Chemigation, without involving 
any human, uniformly applies chemicals that too without danger of exposure. Smart 
irrigation system is accepted as beneficial technology, however, its adoption can be 
delayed because of cost involved in replacing or modifying the current equipment. 
A balanced approach would be to use cheaper valves in place of expensive pressure 
control nozzles[4, 46]. 
There has been lot of investigations done towards the application of smart irrigation 
for delivering cheap decision-making solution in an e ort to improve its adoption 
rate[25, 26]. A challenge could the lack of interdisciplinary approach to fill the gap 
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be cumbersome and expensive to adopt for di erent crop and soil conditions, whereas 
a software-based solution can flexibly address this challenge. 
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Fig. 12.1: Ratio of di erent sources (gravity, sprinkler, drip/trickle) used for land 
irrigation in Great Plains [15] 
12.2 Types of Sensor-Guided Irrigation Systems 
Many di erent types of techniques are used for autonomous irrigation systems (e.g., 
drip, surface, and sprinkler). The percentage of land irrigated by sprinkler, gravity 
and drip/trickle systems in the Great Plains is shown in Fig. 12.1. In this section, the 
di erent types of irrigation systems are discussed. 
   
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Fig. 12.2: Organization of the Chapter 
12.2.1 Center Pivot System 
The infrastructure is required for field management practices such as center pivot 
irrigation system. This system need a more advanced communication capabilities 
to be able to communicate and control the center pivot using IOUT soil moisture 
measurements. A list of required features in a center pivot system for autonomous 
irrigation is given below [65]. 
• The center pivot location/angle can be graphically viewed online 
• The pivot can be remotely controlled online for speed, irrigation application rate, 
etc. 
• Operational information and data can be viewed and stored 
• Pivot point operating water pressure can be monitored 
• Operating direction of the pivot can be changed 
• AS/RS status can be monitored 
• End gun operations, including the water application rates, can be controlled 
• The system can be run “dry” or “wet” 
• Text alerts can be sent if any operational or safety issues are encountered. 
In addition to the remote control and operation hardware and software, the center pivot 
nozzle sprinkler nozzles should support variable water application capabilities as well 
as support to enhance the uniformity of the water application. The variable rate center 
pivot and all of the hardware and software components as well as all agronomic and 
soil management practices and leads to an e"cient design of autonomous irrigation 
system [34, 43]. 
12.2.2 Drip Irrigation System 
Drip irrigation system (DIS) is a water system which uses low-pressure to water small 
lawns and gardens using di erent methods. It di ers from other irrigation methods 
in that it uses less amount of water to keep the roots moist instead of soaking it. 
The drip system can be hidden under the mulch with water spraying part above the 
mulch or kept above the soil or mulch with plants hiding it as their size increases 
with the growth. As discussed above it gives an advantage of using less water as 
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sprinklers. Moreover, a customized water can be applied using drip irrigation system 
by restricting watering in some area and allowing in others. 
Following are some advantages of drip irrigation system: 
1. Conserve water by preventing over-spraying, hence, reducing evaporation and 
environmental e ect. 
2. It can directly connect to the hose spigot with having to do cuts in home water 
supplies. 
3. It can be placed underground eliminating the need of trenches. 
4. It provides customization for water spray control and container in which it can 
be placed. 
5. It prevents over moistening which, otherwise, can cause fungal diseases. 
Components of Drip Irrigation System 
While creating a DIS yourself, make sure to buy all components from same 
manufacturer. Soaker hoses is a simplest DIS with small holes allowing water 
to come out. However, this cos-e"cient solution uses more water than a normal 
DIS. Another alternative to create a DIS is using an entire system kit to create a 
customized DIS. KIT integrate the components to create DIS for specific applications 
e.g., for flower beds, vegetable gardens, landscape plants (shrubs and trees), and 
container plants. These kits can also be extended as per the need of the user. Various 
components of DIS are given below: 
• Backflow preventers - Also known as anti-siphon devices, do not allow the DIS 
water to go back to water supply so that drinking water is be contaminated while 
system is switched o . 
• Pressure regulator - Balances the pressure between the home water supply and 
DIS, otherwise, the water pressure of home supply is much greater than the water 
pressure at DIS. 
• Filters - are used to prevent clogging in the tube caused by the debris. 
• Fittings - are used to connect all the system components together. 
• Stakes - are used to secure all the system components together. 
• Risers - are used to bring the water emitters to the top, i.e., at the level of plants 
• Timers - are used to prevent over watering be setting the time to automatically 
switch DIS on or o . It can also be controlled via smart phone or computers by 
connecting it with the home automation system. 
• Hole punches are used to create the holes in the tube which is connecting emitters. 
Plugs can be used to stop holes punched by mistake. 
Emitters - Emitters are connected with the tubing system and it emits water 
through tubes. Its flow rate is given by gallons-per-hour (GPH) and it depends 
on the type of soil and plant being watered. every emitter has maximum water 
pressure mentioned in pounds per square inch (PSI). 
 
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12.3 Development Challenges 
The challenges which were addressed while developing the system are [65]: 
• Deployment of a field network capable of measuring the soil moisture levels, 
temperature, and radio communication metrics. The desired network must 
be low-maintenance, durable in all weather condition and do not a  ect other 
farm activities. 
• Characterization of the underground/above-ground wireless channel 
to determine communication reliability. Communication and channel 
characteristics are quantified by using di  erent metrics,e .g., coverage distance, 
and received signal strength indicator [29, 65]. 
• Back-end software development for data management and visualization. 
WUSN networks produce glut of important data. All this data must be dynamically 
received and stored on a cloud application online (via GPRS/3G/4G link) and 
o#ine mode (locally). A cloud application can be used for monitoring, e.g., 
sensor nodes communication, and visualizing, e.g., real-time the power status, 
purposes. Furthermore, visualization can also be used to locate disconnected 
sensor nodes, for visualizing historical readings such as soil moisture readings, 
radio packets location, last reported pivot angle, timestamp and signal strength 
of packet received from each underground node [20, 71]. 
• Usage of test software to interact with commercial irrigation solutions. Some 
studies are done on irrigation systems controllers, however, most commercial 
deployments uses industrial solutions. These solution comes with a proprietary 
cloud-based control system with no facility of customized programs development 
using APIs. The control systems are programmed using a test software [24], 
[49, 51]. 
12.4 Irrigation System Components 
An advanced CP irrigation system can be used to study the long-term e ects of water 
stress and yield relationships, variable rate irrigation and fertigation, crop water and 
nutrient uptake, develop crop production functions, and other related issues. These 
study can be done under full and limited rainfed and irrigation settings [10, 11]. The 
Fig. 12.3 shows the overview of irrigation control system [20]. The GPS unit at the 
end tower in the center pivot can be used to control for various irrigation and other 
operational aspects in addition to these state-of-the-art features in control units of the 
center pivot. The characteristics of a typical center pivot, where 45% of land is under 
outer two spans while 2% is under first span ae shown in Fig. 12.4. The components 
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Fig. 12.3: The control system diagram 
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Fig. 12.4: A typical center pivot [15] 
12.4.1 Sensing and Communication Nodes 
Sensors are used to get the real information from the field. This information can be 
taken using in-situ sensors, i.e., inside the field, or using remote sensors. The real 
information of the field can be lost, if inaccurate equipment are used. Most sensing 
systems are used for sensing soil parameters, however, spectral imaging can also be 
used to detect plant stress[17, 53]. The sensed data, if not sent immediately to the 
cloud, can be stored locally for later retrieval. In the absence of direct link with the 
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(a) (b) 
Fig. 12.5: (a) Underground node placement layout [15] (b) A prototype of an 
underground node, [61] 
12.4.1.1 Subsurface Nodes 
The subsurface node is an embedded cyber-physical hardware for sensing and 
communication between di erent low-powered low-frequencies sensors and radios. 
The subsurface nodes use underground antennas for communications [27, 62]. Soil 
sensors along with data loggers are also connected to these modes. The information 
from data logger act as the basis for calibration of soil sensors. The subsurface nodes 
can be buried at di erent depth in soil and should also support connections with 
soil sensors at di erent depths generally up to 4 feet [30, 46]. Accordingly, these 
observations can be used for better deployment of advanced irrigation systems. The 
subsurface node deployment should done considering the impact of crop growth and 
desnity should take into account the field terrain. Some of the nodes should be used 
in the field as a reference point for measurement calibrations and for comparison of 
sensor readings. 
For irrigation applications, di erent types of subsurface nodes can be selected 
(e.g., o -the-shelf and customized) to speed up the development process and achieve 
communication between devices, respectively. These nodes and platform should 
includes e"cient and high-speed processors, I/O ports, on-board flash storage, and 
serial ports. These are some of the important parameter to consider while subsurface 
node development because they are used to connect with the microcontrollers and 
GPS modules which communicate with underground nodes [25, 32, 37, 42].. 
To provide soil moisture calibration data to the IOUT, the soil moisture sensors, 
temperature sensors, and electrical conductivity sensors can be installed in the center 
location of di erent grids (see Fig. 12.4) that can be created in the center pivot field 
in a spatial and temporal domains that measure soil moisture, soil temperature, and 
electrical conductivity on an hourly basis throughout the growing year. External 
batteries are the power source of subsurface node that can be complemented by 
intelligent uninterrupted power supply (UPS) [19] to control the power management 
and also to report the status of power. A step-down voltage converter can be utilized 
 
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to meet the 5V power requirement of nodes [29, 53]. Furthermore, during daytime, 
power can be provided by solar panels that can also recharged lithium-ion polymer 
batteries for night usage when solar energy is not available [65]. 
In addition to system upgrades, a prototype enclosure (Fig. 12.5) is required to 
make the nodes fully underground, where connectors can be used for software updates 
along with bratty connections for easy above-ground access. The enclosure can host 
these connectors under ground, with easy access through a structure close to the 
surface. Accordingly, these new enclosure should be tested during the harvesting 
period for accuracy and durability. 
Due to high signal attenuation in the soil, the low operation frequency and low 
power transceivers are preferred in underground communication such as WizziMote 
developed by WizziLab [64]. WizziMote combines a Texas Instruments CC430F513 
16-bit ultra-low-power microcontroller unit with a four analog to digital input/output 
pins, a CC1101 low-power sub-1GHz RF transceiver, eight configurable GPIOs, 
and female SMA antenna connector. the microcontroller unit comes with a flash 
memory of 32 KB, and a 12-bit analog to digital converter (ADC). It consumes, at 
its maximum capacity, 3.2 mA, however, it has various power saving feature which, 
if enabled, can be tailored down the consumption to 1.0 micro Ampere. WizzMote 
works with 433 MHz applications and reports the transceiver sensitivity of -116 dBm 
at 0.6 kBaud with a 1% packet error rate, at this frequency [26, 35], [65]. 
The protection of subsurface nodes is an important issue. The waterproof subsurface 
nodes are very important for e"cient underground operation [23, 41] and can be 
achieved by using waterproof enclosures. These enclosures come with a automatic 
equalization valve that helps to balance the internal pressure and avoid water 
condensation [65]. It should also provide ease of access through a soil structure close 
to the surface. This enclosure should also be able to handle the weight of the farm 
machinery that used in harvesting season for collecting crop [33, 33]. The electronic 
equipment can protected by the PVC enclosures but it has the risks of being damaged 
by the leaks in connectors. 
12.4.1.2 OTA Nodes 
The OTA nodes are design to study and validate the impact of irrigation system in 
the real-time. Therefore, data is collected using opposite facing directional antennas 
before and after the completion of irrigation. The improved communications in 
CP helps in studying changes in soil moisture. Similarly, customized solution are 
developed by updating on-board models for irrigation systems, in real-time, to reach 
soil moisture level [40, 44]. A modem [21] is used to send data from OTA node to 
server using a wireless mobile communication network. A USB dongle can operate 
at di erent cellular bands depending upon the availability;lty of with services from 
telecom service providers. A voltage data logger based can be used to register the 
battery voltage over time in order to record data for battery replacement needs. The 
duty cycling in underground nodes is important to conserve energy. This can be 
achieved by disabling ports. Moreover, the power can be disconnected and restored 
 
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Fig. 12.6: Experiments for AG2UG and UG2AG communication: (a) Antenna placed 
in non-obstructed direction of AG device, (b) UG2UG experimental aspects which 
cannot be used for AG experiments, and (c) AG nodes grid [57] 
after some optimal duration to duty cycle the device in the absence of pivot rotation. 
The communication between devices can allow transmitting the additional data 
together, which can be implemented in the control. In addition, modifications to the 
voltage regulation circuit for sampling allows placing a regulator between the battery 
and embedded system, which can solve the problems arising due to the fluctuations 
in the reference voltage. 
Many GPS modules are available with ability to track multitude of satellites on 
di erent channels [2]. These are used for localization in this system. The module 
selected should be equipped with high sensitivity receiver, built-in data-logger, radio 
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frequency connector for an external active antenna, and internal patch antenna for 
e"cient power performance. Moreover, the high performance antenna with thread 
mount and waterproof capabilities are desirable [9]. 
The aboveground nodes are also used in the system for retrieving sensing data, 
monitoring the power consumption and battery capacity. This nodes enables the 
power management thread to gather power consumption information from the battery 
charging board. This component also enhances the system performance through 
design of a watchdog system, and provides the better control of the power system. 
Moreover, the antennas can be deployed with a better polarization angle in the 
deployments to enhance connectivity [48, 55]. The Fig. 12.6 shows the above ground 
components. The multi-element directional antennas [58] can be employed for OTA 
nodes with support for a wide-range of operational frequency in MHz and GHz bands. 
The antennas should support high power and gain with a front to back ratio greater 
than 20 dB. Generally, the lightweight antennas are preferable for these applications. 
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Fig. 12.7: Definition of system capacity for a field [15] 
12.4.2 Software, Flow Rate, and System Capacity 
12.4.2.1 Software System 
The software are needed in terms of both functionality and to control state-of-the-art 
system architectures. The individual pieces of software that needed to be maintained 
separately can run on a single platform. Accordingly, a visualization system can 
be developed to display information in real time. The database can be hosted in a 
 
 
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server with more resources ensuring that multiple connection requests can be handled 
properly. As a part of the system system, an adaptive control system can developed to 
support wireless underground sensor-aided irrigation control. 
12.4.2.2 System Capacity 
In addition to the software system components, a real-time capacity and flow rate 
system based on the this framework can be developed. A definition pf the system 
capacity is provided in Fig. 12.7. Accordingly, soil moisture, location of the center 
pivot, and wireless communication quality information can be displayed in real-time 
as data is received. A group of underground nodes can provide individual sensor 
status that is very useful to detect shorted or disconnected sensors. A gauge can be 
utilized to display the OTA battery voltage. Similarity, a map of the underground 
nodes can show the location of the irrigation pivot and the trail of the recent radio 
packages received by each subsurface node. 
12.4.3 Data Collection 
The data collection from the field is important in all seasons particularly in the 
growing season and winter season. Its significance becomes even higher during 
farming operations that include cultivation, spraying, planting, determining the 
amount of irrigation and fertilizer applications, irrigation and fertigation management, 
harvesting, herbicide, insecticide, pesticide, and fungicide applications, and other soil 
and plant management practices [28, 41, 50, 65]. This section discusses the message 
exchange among UG nodes, the AG nodes, and the server. 
To enable an out-of-the-box operation, WizziLab provides a Software Development 
Kit (SDK). This SDk comes with a sample code and environmental installation 
procedures. A quick 433MHz solution can be developed using the wireless 
communication module of SDK, however, no modification can be made to it as it 
comes as a library. This limits the development of advanced programs for WizziMote 
because of a bug which, upon hardware interrupt, disable the radio [38, 47]. SDK 
handles the radio operation and development is done by application, which is the 
payload of the packets transmitted. The system mainly can use di erent packet for 
communications. The AG node sends a packet to request soil moisture from UG 
nodes. For soil moisture data collection, di erent sampling period of soil moisture 
can be used. UG nodes store these readings with timestamp in in device’s flash 
memory. Accordingly, the AG node use a cellular link to connect and query the status 
irrigation system from the cloud [39]. 
Table 12.1:  Di erent panels of center pivot control [13] 
Reinke T-L Valmont Zimmatic 
Monitors 
Position in field and travel Y Y Y Y 
direction 
Speed of travel Y Y Y Y 
Wet or dry operation Y Y Y Y 
Pipeline pressure Y Y Y Y 
Pump status Y Y Y Y 
Auxiliary components1 Y (7) Y (2) Y (6) Y (3) 
Stop-in-slot and auto restart Y Y Y Y 
Wind speed Y N Y Y 
Controls 
Start and Stop Y Y Y Y 
Speed of travel Y Y Y Y 
Auto restart and auto reverse Y Y Y Y 
End gun Y Y Y Y 
High and Low pressure Y Y Y Y 
shutdown 
High and Low voltage N/Y N/Y Y/Y N/Y 
shutdown 
System stall shutdown Y Y Y Y 
Auxiliary components Y(7) Y(2) Y(6) Y(3) 
System guidance Y Y Y Y 
Maximum control points 3600 180 72 180 
per circle 
Sprinkler application zones 2 3 30 NL 
Remote Communications 
Cell phone Y Y Y Y 
Radio Y Y Y Y 
Computer Y Y Y Y 
Subscription required Y Y Y Y 
Data Collection and Reports 
Soil water content Y Y Y N 
Precipitation per season Y Y Y Y 
Application date and depth Y Y Y Y 
Irrigation events per season Y Y Y N 
Chemical application rate N N N Y 
Chemical application per N N N Y 
season 
System position by date Y Y Y Y 
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12.5 Management System 
The Table 12.1 shows the monitoring, control, communication, and data reporting 
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infrastructures. The loud-based and mobile applications are used in many commercial 
irrigation system for control and monitoring of the system [59]. The programming 
of irrigation system is done by using a very simple panel having couple of buttons. 
These buttons are enough to implement all options such as increasing/decreasing of 
value, and accept/cancel an action. The cloud-based applications adds more flexibility 
for the manipulation of irrigation system, e.g., scheduling events to occur at certain 
time. on such event may include start/stop the CP at certain time to synchronize the 
real-time clock. the cloud system provides interactive graphical interface with all 
command options appearing on single screen. 
Moreover, the IOUT can collect the soil information from the system using a 
mobile sink. The sink can be attached on the top of the controller tower where two 
opposite-facing antennas for receiving data from the nodes at di erent distances 
can be employed using solar panel as a energy source. Accordingly, the subsurface 
devices installed in the field can measure soil moisture and temperature from di erent 
types of soil sensors buried at di erent depths. The nodes can employ batteries as a 
power source. The sink nodes then collects the spatio-temporal information form the 
subsurface nodes and sends it over to cloud using OTA communication which further 
interact with the CP controller to automate irrigation control [24, 46, 48, 55]. A data 
analysis flow chart is shown in Fig. 12.8. 
12.5.1 Control and Actuation Nodes 
Studies such as [7, 28][3][18][14], uses actuator as a micro-controller attached 
to an on/o valve. This valve is used to control the water flow of an irrigation 
system and is similar to a drip [22], [5], [56], and [14]. The works [3, 39, 42, 52] 
provide a comprehensive design of an actuator interacting with whole system using a 
communication protocol. The water flow is regulated by the solenoid valves and power 
to valve is manipulated by latching circuit which takes signals from micro-controller 
I/O pins. This latching circuit makes the system power e"cient by applying short 
pulses instead of using continuous signals to control the system. The pressure available 
to a sprinkler along pivot lateral is shown in Fig.12.9. 
12.5.2 Commercial and Cloud Nodes 
As in the case of actuator, controllers are also application-specific and multiple 
parameters must be considered while designing controllers. There can be in-situ, 
remote or cloud-based controller; standalone or shared with other task; hardware 
could be a cost-e"cient micro-controller or an expensive full-fledged computer 
system. An in-situ controller can also act as gateway which makes irrigation decision 
after receiving and processing information. These works [14, 33] suggest a use of 
real-time operating systems so that execution of all instructions can be ensured. 
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Fig. 12.8: Data analysis flow chart [6] 
In [56], a WSN is implemented for application of peach trees monitoring and 
achieves 72% reduced water consumption. The controller takes decision based on 
weather and precipitation probability data taken from cloud. If any of the three 
deployed sensors values goes below the lower threshold, the system starts watering 
the tree. Due to deep deployment, the upper threshold overshot which, otherwise, 
would have added significant value to savings. In [14], authors have used hydrological 
model to determine exact amount of water to apply.The value for average correlation 
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Fig. 12.9: (a) Pressure loss because of pipe friction due to flow of water [15] 
(b) Sprinkler pressure dependent upon pressure loss occurring due to friction, 
varying elevation fields, and pivot inlet pressure 
a valve was used as an actuator to control the water flow from irrigation system. 
[8, 40] recommends to consult farmers for marking threshold values for the irrigation 
system. In addition to soil moisture value, they also measured soil temperature and 
started the irrigation every time the threshold of soil moisture and temperature was 
crossed. 
There are no commercial controllers with specific features. This fact motivated 
[7, 37] towards designing a Wi-Fi re-programmable precision irrigation control 
system. It is powered by solar radiations and uses the threshold approach as given in 
[34, 56]. The commercial irrigation system mostly comes with a proprietary control 
and modification can end up in losing warranty or service term. however, they come 
with a cloud-based or graphical interface controls and can be extended by writing 
macro-like scripts for inclusion of data from other sources. Major applications of 
microcontroller agriculture is to sense crop and soil properties. It reduces the role 
of humans by using by remotely collecting the data using wireless transceivers. 
The system can be customized to one’s need by using di erent communication 
technologies such as Bluetooth, ZigBee and Wi-Fi and too without loosing long range 
and power-e"ciency. However, it would di"cult to combine solutions from di erent 
vendors because there is no standard protocol [1, 38]. 
The di erence between the prototype and commercial irrigation control system is 
that the former can be customized for water flow control [22, 24, 34]. There is very 
limited space of customizing control in commercial systems and due to warranty 
restrictions internal circuitry cannot be manipulated. The commercial systems comes 
with the support of cloud-based interface and/or mobile applications for sending 
operational commands and visualizing status of the field. Fig. 12.10 shows the system 
architecture. 
The cloud-based controllers has their own limitations which must be addressed in 
order to implement a reliable system. A reliable network is the key to reliability of the 
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system because it provides access to Internet. Loading time of the web-page depend 
upon the load on the network. A re-designed website may warrants rendering of replay 
commands sand redesigning of control interface. It is also important to mention 
here that using web-page also brings its own challenges, e.g., time out between the 
commands can add extra time in execution an action. A modular approach can be 
followed while designing the adaptive control system to e ectively address these 
limitations with major changes to the system. 
 
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12.6 Global Positioning System in Decision Agriculture 
The decision irrigation relies on accurate location information to control the irrigation 
system. However relying solely on GPS information can lead to significant errors 
in precision irrigation applications. While higher-end GPS devices may decrease 
the errors to some extent, GPS errors should be considered in system design due to 
the wireless nature of the GPS system and cost considerations. Due to the inherent 
errors and delays in pivot angle and GPS measurements, a multi-modal design with 
other sources for system localization should be developed to solve this problem. 
Alternatives include using image detection to determine the field location. 
12.7 Future Research Directions 
The fresh water is important resource and it be preserved in significant amount 
if a center pivot irrigation system automatically soil condition. However, decision 
from such system are likely to have an adverse e ect on crop yield which requires a 
long-term commitment in order to study in detail. The controller advanced should 
used to receive information from UG node, buried in the field, and accordingly set 
the irrigation rate, However, there is still need of improvements. 
Accordingly, such systems should be capable of self-calibrating. To that end, 
remote soil sensing technologies should be used for the sensors adjustment close 
to the surface. GPS systems are very important part of control system and GPS 
interferometric reflectometry is a perfectly viable method. The center pivot movements 
can be used to calibrate the UG nodes in the vicinity of irrigation system path on 
the go. The current systems are incapable of employing more sensors and adding 
software components that reduces the e"ciency of embedded system in terms of low 
power consumption. Therefore, there are potential areas in which underground nodes 
can be improved. 
References 
[1] Abbasi AZ, Islam N, Shaikh ZA, et al. (2014) A review of wireless sensors 
and networks’ applications in agriculture. Computer Standards & Interfaces 
36(2):263–270 
[2] Adafruit Ultimate GPS (2020) Adafruit ultimate gps breakout - 66 channel w/10 
hz updates. URL https://www.adafruit.com/product/746 
[3] Coates RW, Delwiche MJ, Broad A, Holler M (2013) Wireless sensor network 
with irrigation valve control. Computers and electronics in agriculture 96:13–22 
[4] Daccache A, Knox JW, Weatherhead E, Daneshkhah A, Hess T (2015) 
Implementing precision irrigation in a humid climate–recent experiences and 
on-going challenges. Agricultural water management 147:135–143 
428 12 Autonomous Irrigation Management in Decision Agriculture 
[5] Dukes M, Simonne E, Davis W, Studstill D, Hochmuth R (2003) Length of 
irrigation and soil humidity as basis for delivering fumigants through drip lines 
in florida spodosols. In: Proc. Fla. State Hort. Soc, vol 116, pp 85–87 
[6] Farg E, Arafat S, El-Wahed MA, El-Gindy A (2017) Evaluation of 
water distribution under pivot irrigation systems using remote sensing 
imagery in eastern nile delta. The Egyptian Journal of Remote Sensing 
and Space Science 20:S13 – S19, DOI https://doi.org/10.1016/j.ejrs.2016. 
12.001, URL http://www.sciencedirect.com/science/article/pii/ 
S1110982316301387, wATER SCARCITY AND HARVESTING 
[7] Fue K, Schueller J, Schumann A, Tumbo S (2014) A solar-powered, wi-fi 
re-programmable precision irrigation controller. In: Science, Computing and 
Telecommunications (PACT), 2014 Pan African Conference on, IEEE, pp 
171–176 
[8] Gutiérrez J, Villa-Medina JF, Nieto-Garibay A, Porta-Gándara MÁ (2014) 
Automated irrigation system using a wireless sensor network and gprs module. 
IEEE transactions on instrumentation and measurement 63(1):166–176, DOI 10. 
1109/TIM.2013.2276487 
[9] Hercules GPS Antenna (2020) Hercules a.40 gps/glonass/galileo permanent 
mount, 3m rg-174 - taoglas. URL http://www.taoglas.com/product/ 
hercules-a40-permanent-mount-gps-glonass/ 
[10] Irmak S (2014) Interannual variation in long-term center pivot–irrigated 
maize evapotranspiration and various water productivity response indices. 
i: Grain yield, actual and basal evapotranspiration, irrigation-yield production 
functions, evapotranspiration-yield production functions, and yield response 
factors. Journal of Irrigation and Drainage Engineering 141(5):04014068 
[11] Irmak S (2014) Interannual variation in long-term center pivot–irrigated 
maize evapotranspiration and various water productivity response indices. 
ii: Irrigation water use e"ciency, crop wue, evapotranspiration wue, 
irrigation-evapotranspiration use e"ciency, and precipitation use e"ciency. 
Journal of Irrigation and Drainage Engineering 141(5):04014069 
[20] Konda A, Rau A, Stoller MA, Taylor JM, Salam A, Pribil GA, Argyropoulos C, 
Morin SA (2018) Soft microreactors for the deposition of conductive metallic 
traces on planar, embossed, and curved surfaces. Advanced Functional Materials 
28(40):1803020, DOI 10.1002/adfm.201803020 
[13] Kukal MS, Irmak S, Sharma K, et al. (2019) Development and application of 
a performance and operational feasibility guide to facilitate adoption of soil 
moisture sensors. Sustainability 12(1):1–19 
[14] Lozoya C, Mendoza C, Aguilar A, Román A, Castelló R (2016) Sensor-based 
model driven control strategy for precision irrigation. Journal of Sensors 2016 
[15] Martin D, Kranz W, Smith T, Irmak S, Burr C, Yoder R (2017) Center pivot 
irrigation handbook (ec3017) 
[16] McCarthy AC, Hancock NH, Raine SR (2010) Variwise: A general-purpose 
adaptive control simulation framework for spatially and temporally varied 
irrigation at sub-field scale. Computers and Electronics in Agriculture 70(1):117 
References 429 
– 128, DOI https://doi.org/10.1016/j.compag.2009.09.011, URL http://www. 
sciencedirect.com/science/article/pii/S0168169909002026 
[17] Muñoz-Huerta RF, Guevara-Gonzalez RG, Contreras-Medina LM, 
Torres-Pacheco I, Prado-Olivarez J, Ocampo-Velazquez RV (2013) A review 
of methods for sensing the nitrogen status in plants: advantages, disadvantages 
and recent advances. Sensors 13(8):10823–10843 
[18] Nemali KS, van Iersel MW (2006) An automated system for controlling drought 
stress and irrigation in potted plants. Scientia Horticulturae 110(3):292–297 
[19] OpenUPS (2020) Openups. URL http://www.mini-box.com/OpenUPS 
[20] Palacín J, Salse J, Clua X, Arnó J, Blanco R, Zanuy C (2005) 
Center-pivot automatization for agrochemical use. Computers and Electronics 
in Agriculture 49(3):419 – 430, DOI https://doi.org/10.1016/j.compag.2005. 
08.006, URL http://www.sciencedirect.com/science/article/pii/ 
S0168169905001353, modelling and control in agricultural processes 
[21] Pantech UML290 (2020) Pantech 4g lte global usb modem 
uml290. URL https://www.verizonwireless.com/support/ 
4g-lte-global-usb-modem-uml290/ 
[22] Parameswaran G, Sivaprasath K (2016) Arduino based smart drip irrigation 
system using internet of things. International Journal of Engineering Science 
5518 
[23] Pelican (2020) Pelican - consumers. URL http://www.pelican.com/us/ 
en/consumer/ 
[24] Rasin Z, Hamzah H, Aras MSM (2009) Application and evaluation of high power 
zigbee based wireless sensor network in water irrigation control monitoring 
system. In: Industrial Electronics & Applications, 2009. ISIEA 2009. IEEE 
Symposium on, IEEE, vol 2, pp 548–551 
[25] Sadler E, Evans R, Stone K, Camp C (2005) Opportunities for conservation 
with precision irrigation. Journal of soil and water conservation 60(6):371–378 
[24] Salam A (2018) Pulses in the sand: Long range and high data rate 
communication techniques for next generation wireless underground networks. 
ETD collection for University of Nebraska - Lincoln (AAI10826112), URL 
http://digitalcommons.unl.edu/dissertations/AAI10826112 
[25] Salam A (2019) A comparison of path loss variations in soil using planar and 
dipole antennas. In: 2019 IEEE International Symposium on Antennas and 
Propagation, IEEE 
[26] Salam A (2019) Design of subsurface phased array antennas for digital 
agriculture applications. In: Proc. 2019 IEEE International Symposium on 
Phased Array Systems and Technology (IEEE Array 2019), Waltham, MA, USA 
[27] Salam A (2019) A path loss model for through the soil wireless communications 
in digital agriculture. In: 2019 IEEE International Symposium on Antennas and 
Propagation, IEEE, pp 1–2 
[28] Salam A (2019) Sensor-free underground soil sensing. In: ASA, CSSA and 
SSSA International Annual Meetings (2019), ASA-CSSA-SSSA 
[29] Salam A (2019) Subsurface mimo: A beamforming design in internet of 
underground things for digital agriculture applications. Journal of Sensor and 
430 12 Autonomous Irrigation Management in Decision Agriculture 
Actuator Networks 8(3), DOI 10.3390/jsan8030041, URL https://www.mdpi. 
com/2224-2708/8/3/41 
[30] Salam A (2019) Underground Environment Aware MIMO Design Using 
Transmit and Receive Beamforming in Internet of Underground Things, Springer 
International Publishing, Cham, pp 1–15 
[33] Salam A (2019) An underground radio wave propagation prediction model 
for digital agriculture. Information 10(4), DOI 10.3390/info10040147, URL 
http://www.mdpi.com/2078-2489/10/4/147 
[32] Salam A (2019) Underground soil sensing using subsurface radio wave 
propagation. In: 5th Global Workshop on Proximal Soil Sensing, Columbia, 
MO 
[33] Salam A (2020) Internet of Things for Environmental Sustainability 
and Climate Change, Springer International Publishing, Cham, pp 33–69. 
DOI 10.1007/978-3-030-35291-2_2, URL https://doi.org/10.1007/ 
978-3-030-35291-2_2 
[34] Salam A (2020) Internet of Things for Sustainability: Perspectives in Privacy, 
Cybersecurity, and Future Trends, Springer International Publishing, Cham, pp 
299–327. DOI 10.1007/978-3-030-35291-2_10, URL https://doi.org/10. 
1007/978-3-030-35291-2_10 
[35] Salam A (2020) Internet of Things for Sustainable Community Development, 
1st edn. Springer Nature, DOI 10.1007/978-3-030-35291-2 
[37] Salam A (2020) Internet of Things for Sustainable Forestry, 
Springer International Publishing, Cham, pp 147–181. DOI 10. 
1007/978-3-030-35291-2_5, URL https://doi.org/10.1007/ 
978-3-030-35291-2_5 
[38] Salam A (2020) Internet of Things for Sustainable Human 
Health, Springer International Publishing, Cham, pp 217–242. 
DOI 10.1007/978-3-030-35291-2_7, URL https://doi.org/10.1007/ 
978-3-030-35291-2_7 
[39] Salam A (2020) Internet of Things for Sustainable Mining, Springer International 
Publishing, Cham, pp 243–271. DOI 10.1007/978-3-030-35291-2_8, URL 
https://doi.org/10.1007/978-3-030-35291-2_8 
[40] Salam A (2020) Internet of Things for Water Sustainability, 
Springer International Publishing, Cham, pp 113–145. DOI 10. 
1007/978-3-030-35291-2_4, URL https://doi.org/10.1007/ 
978-3-030-35291-2_4 
[41] Salam A (2020) Internet of Things in Agricultural Innovation 
and Security, Springer International Publishing, Cham, pp 71–112. 
DOI 10.1007/978-3-030-35291-2_3, URL https://doi.org/10.1007/ 
978-3-030-35291-2_3 
[42] Salam A (2020) Internet of Things in Sustainable Energy 
Systems, Springer International Publishing, Cham, pp 183–216. 
DOI 10.1007/978-3-030-35291-2_6, URL https://doi.org/10.1007/ 
978-3-030-35291-2_6 
References 431 
[43] Salam A (2020) Internet of Things in Water Management and 
Treatment, Springer International Publishing, Cham, pp 273–298. 
DOI 10.1007/978-3-030-35291-2_9, URL https://doi.org/10.1007/ 
978-3-030-35291-2_9 
[44] Salam A (2020) Wireless underground communications in sewer and stormwater 
overflow monitoring: Radio waves through soil and asphalt medium. Information 
11(2) 
[46] Salam A, Karabiyik U (2019) A cooperative overlay approach at the physical 
layer of cognitive radio for digital agriculture. In: Third International Balkan 
Conference on Communications and Networking 2019 (BalkanCom’19), Skopje, 
Macedonia, the former Yugoslav Republic of 
[46] Salam A, Shah S (2019) Internet of things in smart agriculture: Enabling 
technologies. In: 2019 IEEE 5th World Forum on Internet of Things (WF-IoT), 
IEEE, pp 692–695 
[47] Salam A, Vuran MC (2016) Impacts of soil type and moisture on the capacity 
of multi-carrier modulation in internet of underground things. In: Proc. of the 
25th ICCCN 2016, Waikoloa, Hawaii, USA 
[48] Salam A, Vuran MC (2017) Em-based wireless underground sensor networks 
pp 247–285, DOI 10.1016/B978-0-12-803139-1.00005-9 
[49] Salam A, Vuran MC (2017) Smart underground antenna arrays: A soil moisture 
adaptive beamforming approach. In: Proc. IEEE INFOCOM 2017, Atlanta, 
USA 
[50] Salam A, Vuran MC (2017) Wireless underground channel diversity reception 
with multiple antennas for internet of underground things. In: Proc. IEEE ICC 
2017, Paris, France 
[51] Salam A, Vuran MC, Irmak S (2016) Pulses in the sand: Impulse response 
analysis of wireless underground channel. In: The 35th Annual IEEE 
International Conference on Computer Communications (INFOCOM 2016), 
San Francisco, USA 
[52] Salam A, Vuran MC, Irmak S (2017) Towards internet of underground things 
in smart lighting: A statistical model of wireless underground channel. In: Proc. 
14th IEEE International Conference on Networking, Sensing and Control (IEEE 
ICNSC), Calabria, Italy 
[53] Salam A, Hoang AD, Meghna A, Martin DR, Guzman G, Yoon YH, Carlson J, 
Kramer J, Yansi K, Kelly M, et al. (2019) The future of emerging iot paradigms: 
Architectures and technologies 
[55] Salam A, Vuran MC, Irmak S (2019) Di-sense: In situ real-time 
permittivity estimation and soil moisture sensing using wireless underground 
communications. Computer Networks 151:31 – 41, DOI https://doi.org/10.1016/ 
j.comnet.2019.01.001, URL http://www.sciencedirect.com/science/ 
article/pii/S1389128618303141 
[56] Sales N, Remédios O, Arsenio A (2015) Wireless sensor and actuator system 
for smart irrigation on the cloud. In: Internet of Things (WF-IoT), 2015 IEEE 
2nd World Forum on, IEEE, pp 693–698 
432 12 Autonomous Irrigation Management in Decision Agriculture 
[57] Silva AR, Vuran MC (2010) Development of a Testbed for Wireless Underground 
Sensor Networks. EURASIP Journal on Wireless Communications and 
Networking 
[58] Sirio (2020) Sirio wy400-10n uhf 400-470 mhz base station 10 element 
yagi ant. URL http://www.sirioantenna.com/index.php?main_page= 
product_info&products_id=214 
[59] T-L Irrigation (2020) Pivot management and control- t-l pivot irrigation system 
management. URL http://tlirr.com/products/pivot_management_ 
options/ 
[65] Temel S, Vuran MC, Lunar MM, Zhao Z, Salam A, Faller RK, Stolle C 
(2018) Vehicle-to-barrier communication during real-world vehicle crash tests. 
Computer Communications 127:172–186 
[61] Tiusanen MJ (2013) Soil scouts: Description and performance of single 
hop wireless underground sensor nodes. Ad Hoc Networks 11(5):1610 – 
1618, DOI https://doi.org/10.1016/j.adhoc.2013.02.002, URL http://www. 
sciencedirect.com/science/article/pii/S157087051300022X 
[62] Vuran M, Dong X, Anthony D (2016) Antenna for wireless underground 
communication. US Patent 9,532,118 
[71] Vuran MC, Salam A, Wong R, Irmak S (2018) Internet of underground 
things in precision agriculture: Architecture and technology aspects. Ad Hoc 
Networks DOI https://doi.org/10.1016/j.adhoc.2018.07.017, URL http://www. 
sciencedirect.com/science/article/pii/S1570870518305067 
[64] Wizzimote (2020) Wizzilab - connecting things. URL http://old.wizzilab. 
com/shop/wizzimote/ 
[65] Wong R (2017) Towards cloud-based center pivot irrigation automation based 
on in-situ soil information from wireless underground sensor networks. Master’s 
thesis, University of Nebraska-Lincoln 
